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ABSTRACT
!

The San Francisco Ridge is bounded by left-lateral strike-slip faults associated

with the Septentrional Fault System. In this regard, the Septentrional Fault represents a
major fracture in the northeast of the Hispaniola Island and separates an uplifted
oceanic crust represented by the Cordillera Septentrional, and a “fore arc” basin,
corresponding to the Cibao Valley. The San Francisco Ridge is a 50 km long by 11 km
wide deformed and faulted asymmetrical anticline, interpreted as a “push-up” structure.
It is located in the northeast region of the Hispaniola Island between the Cordillera
Septentrional, to the north, and the Cibao Valley, to the south. The stratigraphy of the
study area shows a sequence of limestone and dolomite with early Miocene age,
calciclastic and siliciclastic mudstones with middle Miocene age and polymictic
conglomerates with Pliocene-Pleistocene age that unconformably overlie the older and
fined grained sedimentary units. The conglomerates are located in elevated areas of
the San Francisco Ridge, especially in the northeast and northwest regions. The
conglomerates have clasts of metamorphic and igneous composition, similar to the
lithology reported in the Cordillera Septentrional. Topographic location of
conglomerates in the San Francisco Ridge, and the origin of its clastic material,
suggests that the San Francisco Ridge was in net contact with the Cordillera
Septentrional before the late Miocene. Deposition of the conglomerates was associated
with rapid uplifting of the San Francisco Ridge and erosion of the older sedimentary
units, in response to compression exerted by the North American plate over the
northeastern section of the Caribbean plate, occurred from late Miocene up to Early
Quaternary. Based on the presence of a transpressive environment associated with an
active strike-slip faulting zone, and the folding and tilting of the conglomerates along
with the presence of a Quaternary “pull apart” represented by the Nagua valley, we
conclude that the northeastern part of the Hispaniola Island is tectonically active and
represents a major seismic hazard for the community of the Dominican Republic.
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1. INTRODUCTION

Hispaniola Island is located in the center of Caribbean Sea, politically divided
between the Republic of Haiti and the Dominican Republic. It is considered to be one of
the island arcs present in “The Great Arc of the Caribbean” (Burke, K., 1988).
Geological evolution of Hispaniola Island shows great complexity, since the Island is
located within the transpressional boundary between the North American and Caribbean
plates, in a left-lateral strike-slip fault zone (Fig 1).

Figure 1. The Caribbean Plate (H: Hispaniola; PR: Puerto Rico)

The present work was done in a push-up structure known as the San Francisco
Ridge (SFR) (Winslow and McCann., 1985), located in the northeastern corner of
Hispaniola Island, in a transpressive environment between the Cordillera Septentrional

and the Cibao Valley (Guglielmo, 1986). The Cibao Valley is considered to be a
remnant of an ancient fore arc basin that separates the Cordillera Central from the
Cordillera Septentrional. The last is considered as an uplifted subduction complex,
(Mann, et al 1991) (Fig 2).

Figure 2. Tectonic and Geographic Location of the San Francisco Ridge (SFR); Septentrional
Fault Zone (SFZ), Juana Diaz Fault (JDF). Image modified, courtesy of http://
earthobservatory.nasa.gov/Features/Haiti2004/

The San Francisco Ridge is a seismically active feature interpreted as a
deformed “push-up” associated with strike-slip faulting where the Septentrional Fault
constitute its northern limit and the Cibao Valley marks its southern boundary (Winslow,
et al 1991).

The San Francisco Ridge is 50 km long by 11 km wide and is bounded by strikeslip faults (Winslow et al., 1991). The rocks composing it have been described as a
sedimentary sequence, from older to younger, of siliceous and calcareous mudstones
5

and locally calcareous sandstones corresponding to the Arroyon, Los Cafes, Los Lanos
and Castillo formations. A stratigraphic sequence of limestone and dolomite that
corresponds to the Macoris and Cuesta Blanca formations, respectively. Finally,
conglomerates of the El Firme, Azlor and La Candela formations, unconformably overlie
the previously named older units (Winslow et al, 1991). The age of sedimentary
deposition of the San Francisco Ridge extends from the Middle Miocene to Early
Pleistocene.

New stratigraphic and structural field data from 2011, combined with previously
unpublished data from 1984 and 1987, allow serious re-assessment of the stratigraphy
of San Francisco Ridge. The most important result of the present work is that the
stratigraphic sequence in the San Francisco Ridge must be re-evaluated, as will be
shown, placing the limestone unit at the bottom of the sedimentary sequence; instead of
near the top. This drastically changes the stratigraphic history of the San Francisco
Ridge. In addition, changing the stratigraphic order implies that deformation of the ridge
may be younger than previously reported, and suggests that the Septentrional Fault and
its subsidiary faults are active. Furthermore, deformation patterns identified on aerial
photographs and in the field, confirm the San Francisco Ridge as an active push-up
structure.

The physical boundaries of the present research cover the area from the
Septentrional Fault to the north, Cibao Valley to the south. The Castillo-Cuesta Blanca
road limits the study area to the East and Cuaba River to the West (Fig 3).
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Figure 3. Study area and its physical boundaries

The approach taken to the establishment of new findings present in this
document was based on the collection and interpretation of field geological data taken
in the San Francisco Ridge. I combined lateral and longitudinal lithostratigraphic
correlation of three cross sections along two main rivers and one road, with previous
unpublished stratigraphic and structural data relocated using GPS (Winslow and
students 1984-1987). This project utilized the Duarte State topographic base map scale
1:50000, prepared by the Military Cartographic Institute (Instituto Cartografico Militar of
Santo Domingo Dominican Republic; Reference: 6173 I E733 Second Ed-ICM (DMA)).
With GPS control of locations, the new data were digitally plotted using ArcGIS
software, which enhanced the stratigraphic interpretation and final conclusions.
7

I believe that this work provides new insights in terms of the stratigraphy and
tectonic evolution of the San Francisco Ridge.
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2. TECTONIC SETTING

Hispaniola Island is located in the northeast Caribbean Sea where the North
American Plate subducts beneath the Caribbean plate at the Lesser Antillean
subduction trench and the Puerto Rican Trench. West of the subduction zones, the
plates slide left-slips at a rate between 20-40 mm/yr (Mann et al., 1990). Hispaniola
Island is the only region where this active plate boundary crosses land, which provides
a unique opportunity to study it (Fig 4).

Fig.	
  4.	
  Geographic	
  and	
  tectonic	
  setting	
  of	
  Hispaniola	
  Island	
  (after	
  Dolan	
  et	
  al.,	
  1998).	
  	
  GBB	
  =	
  Great	
  
Bahama	
  Bank;	
  CB	
  =	
  Caicos	
  Bank;	
  SB	
  =	
  Silver	
  Bank.;	
  MB	
  =	
  Mouchoir	
  Bank,	
  NB	
  =	
  Navidad	
  Bank;	
  
OFZ	
  =	
  Oriente	
  fault	
  zone;	
  EPGFZ	
  =	
  Enriquillo–Plantain	
  Garden	
  fault	
  zone;	
  SFZ	
  =	
  Septentrional	
  fault	
  
zone;	
  H–BCZ	
  =	
  Hispaniola–Bahamas	
  collision	
  zone;	
  SDB	
  =	
  Santiago	
  deformed	
  belt;	
  HDB	
  =	
  Hispaniola	
  
deformed	
  belt	
  (Pascal	
  K.,	
  et	
  al	
  (2007).

Mann et al, (1991) have described the Hispaniola Island as the result of the
agglomeration of eleven island-arc terranes with an age range between early
Cretaceous and late Eocene. These terranes can be classified as: fragments of
oceanic crust, fore arc/ accretionary prism of an island arc, fragments of volcano-
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plutonic part of an island arc, and fragments of a back arc basin (Lewis, J. F., 1980;
Mann et al 1991).

Mann et al (1984), have described some geomorphologic features of the
northeastern Hispaniola as “restraining bends”. Also, Winslow et al (1991) establishes
that "push-up" structures (a.k.a restraining bend) are present in the eastern end of the
Hispaniola Island, as a result of the oblique contact between the North American and
Caribbean plates.

Finally, Winslow et al (1991) describes the San Francisco Ridge as an uplifted
middle Miocene to Quaternary sedimentary unit. Guglielmo (1986) mentioned the San
Francisco Ridge as strongly influenced by turbidites deposited during middle Miocene,
followed by rapid uplift and erosion. This author suggests a 17 km of displacement of
the Septentrional Fault since the Middle Miocene age.

2.1 THRUST, STRIKE-SLIP FAULTING AND SEISMIC HAZARD
The late Neogene thrust faults and strike slip faulting, have accommodated the
Caribbean plate motion across a diffuse zone of about 125 km between two subparallel
strike-slip fault zones: the Enriquillo-Plantain Garden Fault Zone (EPGFZ), and the
Septentrional Fault Zone (SFZ) (Sykes et al., 1982, Mann et al., 1991 and Mann et al.,
1995) (See Fig 4 page 9). The Septentrional Fault is an important left lateral-strike slip

10

fracture located in the Caribbean. It is associated with the transform boundary in the
northeast region of Hispaniola that traverses the Cibao Valley.

The Fault continues westward as a complex zone of submarine left-lateral faults
that extends across the Caribbean sea to Central America (Calais et al., 1992;
Rosencranz and Mann, 1991 in Prentice et al., 2003). It is possible that the North
Puerto Rico Slope Fault Zone (NPRSFZ) and the South Puerto Rico Slope Fault Zone
(SPRSFZ) will be the eastward continuation of the left-lateral strike-slip faults present in
the northeast of Hispaniola (Grindlay et al., 1997; Dolan et al., 1998 in Prentice et al.,
2003).

Recent large tectonic earthquakes have affected the northern part of Hispaniola
Island. Among the great historic earthquakes are: in 1564, 1783, 1842, 1887, 1897 and
1946. In the Hispaniola Island, these events coincide with possible movements along
Septentrional-South Puerto Rico Slope Fault systems (Mann et al., 1998). Tsunamis
were associated with many of these earthquakes, specially the 1887 (Scherer, 1912)
and 1946 (Dolan et al., 1991) events.

Based on paleoseismological analysis of the Septentrional Fault’s scarp in the
central section of the Cibao Valley, Prentice et al (2003) have suggested a slip-rate
motion of 6-12 mm/yr with an earthquake recurrence interval of 800-1200 years.
According to these results, an accumulation about 4.8 m of slip, are available to be
released as an earthquake that possibly would be greater than magnitude 7 on the
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Richter scale. However, at motion rate of 12 mm/yr, the amount of slip would be about
10 m for the last 800 years, suggesting an even larger earthquake.

A possible rupture and/or displacement of the Septentrional Fault System along
the boundary of the Caribbean and North American plates would generate a major
earthquake affecting a dense populated region of Hispaniola and Puerto Rico islands.
For instance: the Dominican Republic has a population density of 151 people/km2 and
Puerto Rico has 392 people/km2. In this regard, the city of Santiago, located 10 km
south of the Septentrional Fault scarp, has a population of 705,000 and San Juan in
Puerto Rico, which is located within 50-125 km south of the inferred trace of the strikeslip fault system, has a population of 437,000 (Mann et al., 1991).
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3. MATERIALS AND METHODS

Geological mapping of the study area was made establishing the lateral and
longitudinal stratigraphic distribution of the sedimentary units, faults and structures.
Two main sections corresponding to the rivers “Cuaba” and “El Maney” were surveyed,
and the cross sections A and B obtained. A final cross section “C”, corresponding to the
Castillo-Cuesta Blanca road was described to complete the geological field mapping.
Each outcrop-location was geo referenced by GPS with accuracy of about 3.5 m.
Outcrops were evaluated in terms of their bedding attitude (strike and dip), thickness of
beds, color, presence of carbonates and lithological contacts. Structural
characterization of the San Francisco Ridge was obtained after the analysis of aerial
photographs during the pre-field work, and mapping of the shear zones in the field.

The age of sedimentary units of the San Francisco Ridge was based on their
lithological arrangement and fossil distribution mentioned by Nadai (1987).
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4. GEOMORPHOLOGY OF THE SAN FRANCISCO RIDGE

The study area presents two main elevated zones: one is located to the
northwest near Ramonal Arriba, and the second is located towards the northeast near
Loma Vieja and El Firme localities (see Fig 5 below). These zones align parallel to the
strike of the Septentrional Fault and constitute a major drainage divide. The highest
peak reaches about 460 msl and is located near El Firme. A low elevated region
between the two localities above mentioned, averages 200 msl. The lowest elevation
in the San Francisco Ridge averages 80 msl, and its located where the ridge
encounters the Cibao Valley along the southern edge (Fig 5).

Figure 5. Topographic map of the San Francisco Ridge
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4. 1 MORPHOMETRY OF THE SAN FRANCISCO RIDGE
The downslope direction of the San Francisco Ridge is expressed by the Aspect
map. The aspect of a land surface corresponds to the “down facing slope direction of
the maximum rate of change in value from each cell to its neighbors” (ArcGIS 9.2). In
the study area of the present work, from the drainage divide to the north, slope faces
mainly toward the north and northeast. From the drainage divide to the south, slopes
face toward the south-southwest (Fig 6).

Figure 6. The slope direction (Aspect) of the San Francisco Ridge.

In the San Francisco Ridge, minimum slopes correspond to 0 degrees or 0%
gradient, and maximum slopes correspond to 46.4 degrees or 105% gradient (Fig 7).
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Maximum slopes are intimately related to the highest topographic areas and
lower slopes are located along the lowest topographic levels.

Figure 7. Slope map of the San Francisco Ridge

Drainage pattern arrangements in SFR correspond to two types: Dendritic and
Trellis like pattern. In this regard, the Maney River shows a clear dendritic pattern with
streams flowing southwest. The Patao rivers and its tributaries are structurally
controlled by the Juana Diaz Fault and its satellite lineaments that run SE-NW. As a
consequence, trellis-like pattern is observed (Fig 8).
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Figure 8. Drainage map of the San Francisco Ridge

The overall geomorphology corresponds to an eroded asymmetric anticline with
steepest flanks toward the north. The San Francisco Ridge has its higher elevations and
slopes to its northeast border, while their drainage show the major rivers flowing
southward in the study area, in a combination between dendritic and structural pattern
(See Fig 8 above).

The rivers Maney and Cuaba cross the ridge at different sections: the first
presents narrow valley and steepest gradient. In contrast, the Cuaba River shows a
relatively low riverbed gradient, greater discharge and broaden valley.

The Cuaba River is structurally controlled by the Cuaba Fault (Nadai, 1987; see
Figure 9) affecting the Patao river downstream and its tributaries. Three specific
17

sections of the Cuaba River show strong structural control: A) section, shows a South
East control trend; B) section shows South direction of flow and C) section shows the
stream flowing South East (Fig 9). These sections correspond to the strike-slip relative
motion of blocks, as a pattern that duplicates a left strike-slip Riedel Model (Winslow et
al., 1991) for the evolution of San Francisco Ridge (see Fig 29 page 47).

Figure 9. Structural control of Cuaba and Patao rivers.

The Maney River runs through a narrow, V-shaped valley (Fig 10). Despite its
high gradient, its bedload contains relative few boulders. In fact, its clasts average
about 10 cm diameter and are mostly derived from rocks forming the valley walls. In
contrast, the Cuaba River shows a more mature and wide “U” shaped valley, with
greater discharge than the Maney River and high density of well rounded blocks and
boulders of different sizes and origin. This material includes igneous, metamorphic and
18

sedimentary rocks (Fig11). The morphological contrasts between these two rivers
suggests that the Maney River is much younger than the Cuaba River.

Figure 10. “V” valley shape of the Maney river.

Figure 11. “U” valley shape of the Cuaba river.
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The igneous and metamorphic rocks present as clastic material in the Cuaba’s
River bedload, must have originated in the Cordillera Septentrional, which means that
the Cuaba River flowed across the actual Nagua Valley, and across the San Francisco
Ridge before and during the Cordillera Septentrional tectonic uplift. In contrast, the
Maney River and its tributaries bedloads contain only sedimentary clasts, meaning that
the river has been flowing only across the San Francisco Ridge.
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5. STRATIGRAPHY OF THE SAN FRANCISCO RIDGE

The stratigraphic distribution of the San Francisco Ridge shows a sequence of
three distinct sedimentary units, suggesting different depositional environments:

a) Deeply eroded and karstified limestone corresponding to the Macoris fm
(Tmac), that I found to be the oldest sedimentary unit.

b) Fine grained calcareous and siliceous mudstone locally interbedded with
sandstones and limestones, corresponding to the Castillo Group, which conformably
overlies the Macoris fm, and is divided in two lithofacies:

1) Sequence of calcareous mudstone, calcareous sandstone and
limestone beds corresponding to the Castillo formation (Tcas).

2) Monotonic interbedding of siliceous mudstone and fine sandstone of the
Arroyon fm (Tar).

c) Polymictic conglomerate of the Joboban fm (Tjb) that overlies unconformably
the Macoris fm.

Finally, recent alluvial deposits covering the Cibao Valley and some river
terraces were not described in the present work.
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5.1 MACORIS FORMATION (Tmac)
In this work, the karstified limestone corresponds to Macoris fm (Tmac) that
extends along the central section of San Francisco Ridge between the Castillo Group
and the Septentrional Fault (Fig 12). I found that Macoris fm corresponds to the oldest
sedimentary unit and the foundation of the San Francisco Ridge. The Macoris fm may
contain a dolomitized lithofacies mainly located on the upper part of the formation. In
this work, was not possible to establish the separation between the limestone and
dolomite lithofacies. As a result, the calcareous unit described, will encompass both:
limestone and dolomitized lithofacies. The Macoris fm was first mentioned by: Nadai,
1987; and Nadai and Winslow 1988, as a hard, medium gray reefal limestone, located
in the highest elevations of the Ridge, as the second youngest sedimentary unit in
contrast to the result of the present work.
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Figure 12. Geologic map of the San Francisco Ridge
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The Macoris fm is about 100 to 250 m thick. It consists of massive fossiliferous
limestone having 15 to 50 cm thick beds, interbedded with calcareous mudstone (5-8
cm) and very fine calcareous sandstone (3-5 cm). The Macoris fm is pale brown to
yellowish colored, with a chalky and vuggy texture (Winslow, et al 1991) (Figs 13-14).
Where recrystallized to dolomite, the Macoris fm consists of very hard brown to pink
colored, with Manganese and Iron oxides patinas (Fig 15). The Macoris fm is
conformable in contact with the basal section of the Castillo fm and it is discordantly
overlaid by the conglomerates of Joboban fm as seen upstream in the Maney River
(See Fig 12 page 23).
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Figure 13. Macoris formation (Tmac), Ca: calcareous; Maney river

Figure 14. Macoris fm; chalky and vuggy texture. La Guarzarita
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Figure 15. Macoris fm; dolomite lithofacies, La Guarzarita San Francisco Ridge

Nadai (1987) describes the Macoris fm as a 50 to 150 m thick sedimentary unit of
rough-surfaced, light-colored, vuggy and fossiliferous limestone interbedded with
calcareous sandstones and calcareous siltstones. Also, Nadai (1987) establishes the
base of the Macoris fm as an erosive unconformity, mentioning as incompatible the
abrupt change from deep water calciclastics (Arroyon, Los cafes and Castillo
formations) to shallow marine carbonates (Macoris fm). Winslow et al (1991) describes
the Macoris fm as 70 to 250 m thick sedimentary unit, hard, medium gray reefal
limestone, partially re crystallized to dolomite.

In this work, the Macoris fm is interpreted as deposited in a subtropical
submarine platform, with warm water temperature conditions and high sunlight
interaction. The presence of the dolomitized lithofacies is explained by the uplifting and
erosion of the limestone, where fresh water flowed through the calcareous sediments
26

replacing the Calcium (Ca++) with Magnesium (Mg++). In other work, Nadai and
Winslow (1988) mention the Macoris fm as a unit deposited in an extremely shallow,
lagoon environment 5 to 10 m deep (Winslow et al, 1991).

The age of the Macoris Fm was determined by the presence of Kuphus
Incrassatus Gabb (Vokes, 1972 in Nadai 1987), as Early Miocene (23 to 16 M.A.), which
makes the Macoris fm the oldest sedimentary unit and foundation of the San Francisco
Ridge. In previous work, the Macoris fm was considered to be the second youngest
sedimentary unit in the San Francisco Ridge with an age of Late Miocene-Pliocene
(Nadai, 1987; Nadai and Winslow, 1988 in Winslow et al, 1991).

5.2 CASTILLO GROUP

The Castillo group is subdivided into the Castillo (Tcas) and Arroyon (Tar)
formations. The Castillo fm is characterized by a monotonous sequence of calcareous
mudstone locally interbedded with sandstone and limestone. The Arroyon fm is
composed by a sequence of siliciclastic mudstone locally interbedded with sandstone
and calcareous mudstone.
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5.2.1 Castillo Formation (Tcas)

The Castillo Fm crops out along the center of the SFR between the Macoris fm to
the north and Arroyon fm (See Fig 12 page 23). It was previously named by Guglielmo
(1986); Guglielmo and others, (1986), Gugielmo and Winslow (1988).

The Castillo Fm is a 100 to 150 m thick layer of calcareous mudstone. It is
characterized by interbedding of pale grey yellowish to brown yellowish calcareous
siltstone, grey calcareous mudstone and pale brown limestone mostly at the base of the
formation. The beds vary in thickness from 10 to 15 cm, up to 20 to 25 cm, but in some
localities appear massive (Fig 16).

Figure 16. Castillo fm. Maney river

28

The Castillo fm conformably overlies the Macoris fm, and is overlaid in a
transitional contact by the Arroyon Fm (See Figs: 12 page 23 and 17 below).

Figure 17. Transition contact between Arroyon fm (Tar) and Castillo fm (Tcas). Maney river

Nadai (1987) mentioned the Castillo formation as a sequence of bioclastic
calcareous siltstone, with beds varying in thickness from 20 to 40 cm. Also it is
unconformably overlain by the Macoris fm and the Azlor fm. In other work, the Castillo
fm was described by Winslow et al, (1991), as a calcareous siltstone to shaly limestone
that varies in thickness from a few decimeters to 400 m, with its lower contact that
merges gradually with Los Cafes fm, and its upper contact is abrupt, either conformable
or unconformable with La Candela fm and is conformable with the Cuesta Blanca fm.

The microfauna mentioned by Nadai, (1987), plus lithostratigraphical description
and position of the sedimentary unit, suggest a depositional environment of the Castillo
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fm corresponding to mid to shallow continental shelf with moderate sun interaction and
warm water temperatures characteristic of the subtropical regions (Bolli H, 1989 et al. in
Miall, 1990), on top of an uplifted carbonaceous platform as the Macoris fm.

Based on the presence of Orbulina Universa D’orbigni mentioned by Nadai
(1987), the relative age of Castillo fm in the present work is about 16 to 13.8 M.A.
corresponding to Langhian age. Nadai (1987) dates the formation as late Miocene with
an age of 7.1 to 5.4 M.A. The present study, however establishes that the Castillo fm is
older than previously known.

5.2.2 Arroyon Formation (Tar)

The Arroyon Fm crops out along the southern boundary of the SFR (See Fig 12
page 23). The formation was originally named by Blesh, 1965; Rodrigues-Torres and
others, 1985; Guglielmo, 1986; Nadai (1987); Guglielmo and Winslow, 1988; in Winslow
et al., (1991),

The Arroyon fm is 150-200 m thick and consists of interbedded of siliciclastic
mudstone grey bluish to green dark, and sandy mudstones brown yellowish in a
calcareous matrix. The thickness of bedding varies from 3 to 15 cm appearing massive
in some places (Figs 18-19).
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Figure 18. Arroyon fm. Maney river

Figure 19. Arroyon fm; sandstone and mudstone interbedding detail.
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The Arroyon formation is overlaid in discordant contact by quaternary deposits of
the Cibao Valley, and transitionally, it overlies the Castillo fm (See Fig 17 page 29).

In previous work, Nadai (1987) mentioned the formation as a sedimentary unit
more than 100 m thickness, consisting of interbeding of calcareous sandstone and
calcareous siltstones with beds range from 10 to 30 cm. The Arroyon fm is also
described as 600 m of upward-finning and thinning sequence of siliciclastic sandstone
and mudstone with calcareous cement. (Guglielmo and Winslow, 1988; Nadai and
Winslow, 1988; in Winslow et al.,1991).

In the present work, the depositional environment of Arroyon Fm would
correspond to an alternation of mud and fine sand facies of a lagoon environment. The
coarser material would correspond to deposits by terrigenous streams, currents and
tidal waves. This points toward the possible uplift of the basin on the north side,
enclosing the basin by submarine barriers creating a lagoon scenario occurred by the
compression exerted by the North American plate over the Caribbean plate. This
interpretation is in contrast to that of Winslow et al (1991) who had interpreted the
coarser section of the Arroyon fm to be turbidites, implying a deep-water environment.

The age of the Arroyon Fm was obtained based on the presence of the
planktonic foram: Globigerinoides Trilobus, referenced by Nadai (1987), with
depositional interval between 13.8 M.A. to 11.6 M.A corresponding to the Serravallian
age, positioning the formation as the second youngest below the Joboban fm.
However, in previous works the Arroyon fm is described as the oldest unit in the San
32

Francisco Ridge with age of Middle Miocene (Guglielmo, 1986; Guglielmo and Winslow,
1988; Nadai and Winslow, 1988; in Winslow et al., 1991).

5.3 JOBOBAN FORMATION (Tjb)

The Joboban Fm corresponds to the youngest lithostratigraphic unit that crops
out on elevated areas of the San Francisco Ridge. Large outcrops are mostly located
on the northeast side of the Ridge near El Firme, and at the northwest near Ramonal
Arriba localitites (see Figure 12 page 23).

This same formation was called the Azlor Fm for conglomeratic outcrops located
west of the Cuevas-Cuaba faults (see Figure 12 page 23) by Nadai (1987; Nadai and
Winslow, 1988). It was also known as El Firme fm where mapped east of the Maney
River, between the Maney Fault (see Figure 12 page 23) and to the East of cross
section C-C’ (see Fig 12 page 23 and Fig 28 page 46), by Guglielmo (1986; Guglielmo
and Winslow, 1988). The upper part of this formation was called La Candela fm by
Guglielmo (1986; Guglielmo and Winslow, 1988). After remapping of all contacts in
1987, Winslow, Vega and Students, established that La Candela fm includes: the Azlor
fm, El firme fm and La Candela conglomerates.

In this work, I renamed the formation, abandoning all previous names including
La Candela for Joboban fm. This is based on the fact that the type locality for the La
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Candela fm is actually a quarry at Joboban, and the village of La Candela lies entirely in
Quaternary alluvium.

The Joboban formation is about 100 m thick. It is a poorly sorted polymictic
conglomerate, that contains well rounded to subangular clasts of mudstone, limestone
and calcareous sandstone, as well as of igneous and metamorphic origin. Where
weathered, the conglomerate appears partially lithified (Fig 20).

Figure 20. Joboban fm (Tjb). San Francisco de Macoris via Tenares.

In this work, where observed in the field, the Joboban fm rests unconformably on
top of the Macoris formation. In one location, the conglomerate clasts lie in deep
grooves of the deeply kartsified Macoris fm. The intervening Castillo and Arroyon Fms
are missing (Fig 21).

34

Winslow et al., 1991 reported what appeared to be a conformable contact
between the Los Cafes and La Candela formations at one location. Elsewhere,
however, the same author reported that La Candela fm rests unconformably on the
Castillo fm.

In outcrops mapped as part of this project, the Joboban fm rests unconformably
on the Macoris fm. The Joboban fm clasts fill grooves in the deeply eroded limestone in
the few places where a contact is observed as in the Maney River (See Fig 21 below).
Contacts between the Castillo and Joboban formations and between Arroyon and
Joboban formations were not observed.

In previous work, Guglielmo (1986) described this same conglomerate as
composed of loose red polymictic conglomerates with shattered clasts ranging from 0.5
mm to 2.0 mm. This formation lies unconformably over El Firme Fm. Nadai (1987)
describes the conglomerates formation as poorly bedded to massive semi-indurated
and poorly sorted polylithic diamictite composed of a variety of sedimentary, igneous
Discordant contact

and metamorphic clasts. Winslow et al (1991) describes La candela formation as hard,
polymictic diamictites with sandstone and mudstone interbedding at the bottom part of
the unit. It varies to massive, amorphous and poorly consolidated units near the top.

About 60% of clastic material found in the Joboban fm corresponds to igneous
and metamorphic rocks of the Cordillera Septentrional. About 40% of clasts are
sandstone and calciclastic material of the Castillo Group and limestone of the Macoris
fm.
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Nadai (1987) mentioned the La candela fm as filling river channels that have
been carved into older formations. Winslow et al (1991) explained the mixing of wellrounded and angular clasts as an indicative of rapid deposition and reworking in an
unstable tectonic environment.

In this work, imbrication of clasts and pebbles of the conglomerate at different
localities, suggest a depositional environment corresponding to channel bars (Fig 21).

Tmac
Joboban fm (Tjb)

Discordant contact

Figure 21. Imbrication present in the Joboban fm (Tjb) and discordant contact with the Macoris fm
(Tmac), Maney river.

However, massive sections of the Joboban fm likely correspond to different
pulses of alluvial fans occurred during the tectonic uplifting of the Cordillera
Septentrional, probably between the late Pliocene and early Pleistocene age (Figs
22-23).
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Figure 22. Joboban fm (Tjb). Massive conglomerate pulses (Cg1,2,3,4); El firme SFR.

Figure 23. Joboban fm. Imbricated clasts; El firme SFR.
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In this work, the age of the Joboban conglomerate is interpreted as Pliocene early Pleistocene, because of the chronostratigraphic position that puts the Joboban fm
above of the Late Miocene Arroyon fm. Also, because of its relationship to a rapid
tectonic uplift of the Cordillera Septentrional which occurred no earlier than the Pliocene
age. This is proven by the fact that part of clastic material of the Joboban fm has it
source in metamorphic and igneous rocks from the Cordillera Septentrional. The age
above agrees with the Nadai (1987) and Winslow et al (1991) who both concluded that
the Joboban conglomerate is no older than early Pliocene.

5.4 REGIONAL CORRELATION

This section will focus on the regional correlation of the geological units in
reference to the present work. Prior published work in the region assigned an early
middle Miocene age for the Cuesta Blanca fm that is overlaid by Los Cafes and Los
Lanos formations (Guglielmo, 1986). The Pliocene age is assigned to La Candela fm
that is overlaid by Quaternary deposits of alluvium (Guglielmo, 1986) (Fig 24).

In other work, Nadai (1987) establishes the early Miocene age for the Arroyon
fm, which is in net contact with Los Cafes fm that is overlaid by Castillo fm. A Pliocene
age is assigned to the Macoris fm, which shows to be overlaid by the conglomerates of
the Azlor fm (Fig 24).
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Figure 24. Previous stratigraphic column of the San Francisco Ridge.

Winslow et al (1991), have established Los Cafes and Arroyon formations as
lower Miocene age, overlaid by the Castillo fm of the upper Miocene. The Macoris fm is
assigned an age of upper Miocene to early Pliocene. The conglomerates of the La
Candela fm, are assigned a Pliocene-Quaternary age (Fig 25).
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Figure 25. Previous Stratigraphic columns of San Francisco Ridge; (Winslow et al, 1991).

As a consequence of geological data collected in 2011, and re-locating
previously unpublished data, this study results in a radically revised stratigraphic
sequence (Fig 26).

40

Figure 26. San Francisco Ridge generalized stratigraphic column. m: mud; s: sand; c:
conglomerate; Tmac: Macoris fm, Tcas: Castillo fm, Tar: Arroyon fm, Tjb: Joboban fm

In this column that represents the present work, the Macoris fm is located at the
bottom of the sequence, with a depositional age from 23 MA to 16 MA. On top, the
Castillo Group, which is divided between the Castillo and Arroyon fms, spans from 16
MA to 13 MA. Finally, the Joboban fm overlies the Castillo group and Macoris fm, with a
depositional age no earlier than 3.5 MA.
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6. STRUCTURAL GEOLOGY OF THE SAN FRANCISCO RIDGE

According to Winslow et al, 1991, the SFR is bounded by west-northwest left
lateral strike slip faults, with approximately 6 to 8 left oblique-slip faults. The thrust
component of these faults varies from few meters to as much as 500 m with strike-slip
relative motion about 200 to 300 m of cumulative slip (Winslow, et al., 1991). In
previous work, the Juana Diaz Fault, which runs along the middle section of the SFR,
was described as a structure that separates the intensely deformed mudstones of the
Arroyon Fm and the deposits of the Cibao Valley (Nadai, 1987). In this work, however,
the Juana Diaz fault cuts the Castillo Fm and a small fraction of the Macoris fm along
Los Faros to Los Cafes toward the southeast.

The geologic map of the Maney river, reveals the Southwest tendency of bed
dipping. In contrast, the Cuaba river strike and dip map shows a complex bed dipping
tendency (See Fig 12 page 23). In this case is assumed gentle folding of the
sedimentary units southwest-northeast (See Fig 28 page 46).

The down-slope direction of the San Francisco Ridge (See Fig 6 page 15)
correlates with the Strike and dip map of the Maney and Cuaba rivers. Towards the
Cibao valley, the sedimentary units show a southwest dipping tendency. To the north
and Nagua Valley from the central section of San Francisco Ridge, the calcareous unit
corresponding to the Macoris fm dips north to northeast on average (See Fig 12 page
23).

42

Plotting of lower hemisphere pole to bedding projections reveals less deformation
of sedimentary units in the southern area of the San Francisco Ridge compared to the
more deformed calcareous unit to the north (Fig 27). This is correlated with the Aspect
and Strike and dip maps (See Fig 6 page 15, and Fig 12 page 23)
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Tmac

Tcas

N=60

N=113

Arroyon Group
(Tcas-Tar)

Tar

N=21

N=134

Figure 27. Pole to bedding projection (stereonets) of the different sedimentary units in San
Francisco Ridge. Tmac: Macoris fm. Tcas: Castillo fm. Tar: Arroyon fm, and Arroyon Group (Tcas
+Tar). Inner circles line represents increments >2% of total points, except for the Arroyon fm
where lines represent increments >5%. Based on the Geologic map (Fig 12 page 22), note Tcas
with SW and NE dips showing two hinges (see Fig 28 page 45 cross section AA’), except for Tar
where dips are SW. Tmac shows asymmetric folding dips.
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The cross section AA’ shows a series of anticlines and synclines that are
correlated by the stereonets. For example, the pole to bedding projection of the Arroyon
fm, shows a consistent south to southwest dips. The cross sections of the Maney and
Cuaba Rivers present a gentle folding of the Arroyon Fm. However, an intense
deformation is observable in the Maney River. The projection corresponding to the
Castillo fm shows two hinges dipping southwest. The Castillo fm shows intense folding
in the Cuaba River, especially from the Juana Diaz Fault towards the north, until it
makes contact with Macoris fm near the Ramonal locality (Fig 28).
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Figure 28. Cross sections from West to East, starting from Cuabas river (A-A’) proceeding to
Maney river (B-B’), finally Castillo-Cuesta Blanca (C-C’). See Geologic map page 22 for cross
sections location.

The cross sections A-A’ and C-C’ corresponding to the Maney and CastilloCuesta Blanca, shows the Macoris fm folded with asymmetrical deformation clearly
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seen in the pole to bedding projection. However, the projection suggests a relative
northeast-southwest folding tendency of dipping beds. The irregularity of the bedding
attitude of the Macoris fm seen towards the north of the Ridge, may be explained by the
brittle mechanic behavior of the limestone, in response to the push exerted by the
cordillera Septentrional during its uplifting.

Most of the lineaments and structures within the San Francisco Ridge cut across
the sedimentary units in a western-northwestern pattern. In previous published work,
the Cuaba River follows a fault that crosscuts the San Francisco Ridge at a high angle
with no displacement established (Nadai, 1987). The present study reveals that the
River follows a fracture that crosscuts the SFR in which its direction changes in three
main sections. This pattern might be the result of the relative motion of three blocks in
which Winslow et al (1991) suggested that the fraction fault patterns duplicate a left
strike-slip Riedel model for the evolution of the San Francisco Ridge (Fig 29).

Figure 29. Structural control model of the Cuaba river; arrows indicate relative motion.
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In the present work, the contact zone between the San Francisco Ridge and the
uplifted complex reveals at least one Quaternary (<2 M.A) pull-apart basin, most
noticeably represented by the Nagua River Valley. The pull-apart Nagua forms a WNWESE dipping trough, and it serves as a basin for the Nagua River that drains towards
the southeast, up to the end of the Cordillera Septentrional. Then, the Nagua River
turns towards the northeast to discharge into Bahia Escocesa (Fig 30). The implication
is that the pull apart is younger than the youngest sedimentary unit in the San Francisco
Ridge, corresponding to the conglomerates of the Joboban formation.

Fig 30. Nagua river’s NE deflection (Dfl); SFR: San Francisco Ridge; CV: Cibao Valley; SF:
Septentrional Fault; JDF: Juana Diaz Fault (Image courtesy of Mann et al, 1998; modified).

The Joboban conglomerate has igneous and metamorphic clasts, with source
possibly in the Cordillera Septentrional (Fig 31). This hypothesis suggests that the San
Francisco Ridge was in net contact with the Cordillera Septentrional before the
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conglomerates deposition, indicating an intense tectonic activity represented by its
relative rapid uplifting occurred at the end of the Pliocene.

Figure 31. Gneiss. Los Guayayes, Cordillera Septentrional; Qz: Quartz cluster.

Intense faulting and folding across all units older than the Joboban fm, supports
the uplifting and continuous deformation throughout the succeeding epochs. For
instance, the Macoris fm is the most deformed unit as shown in the pole to bedding
projections, and the oldest sedimentary unit in the Ridge, with a deposition age about
23 M.A as shown in the generalized stratigraphic column (See Fig 26 page 41). This
indicates that the tectonic deformation history of the San Francisco Ridge cannot have
started before the Late Oligocene. The semi-lithified, but steep dipping Joboban fm,
along with the offsets of stream terraces, river valleys and stream capture, support a
model of ongoing tectonic strain on the San Francisco Ridge.
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The new hypothesis, presented here, supports the new general stratigraphy of
the San Francisco Ridge from older to younger as: Macoris fm, Castillo group and
Joboban fm. The litho-stratigraphic column, is correlated along three different transects
studied in the San Francisco ridge, as shown in the following figure, in which Macoris fm
pinches towards the Cuaba section, while Castillo fm shrinks towards the CastilloCuesta-Blanca section. In contrast, the Arroyon and Joboban formations present a
relative even and irregular thickness distribution respectively (Fig 32).

Figure 32. Generalized columns at different locations; from West to East: Cuaba-Maney-Castillo/
Cuesta Blanca; Macoris fm (Tmac), Castillo fm (Tcas), Arroyon fm (Tar), Joboban fm (Tjb), and
Quaternary alluvium of the Cibao Valley (Qcibao).
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7. CONCLUSIONS: REVISION OF THE TECTONIC AND STRATIGRAPHIC
EVOLUTION OF THE SAN FRANCISCO RIDGE

This thesis presents a revised model of the tectonic and stratigraphic evolution of
the San Francisco Ridge.

This revision is based on: 1) new field work in 2011; 2) re-plotting and re-analysis
of structural field data from 1984 to 1987 using GPS, aerial photography and digital
geographical analysis; 3) preparation of a revised map using a digital topographic base
and ArcGIS software; 4) preparation and exposition of new cross sections; 5) analysis of
the tectonically controlled evolution of the river valleys and morphology of the ridge; and
6) critical review of, and reinterpretation of previous field studies of the San Francisco
Ridge, as re-location of the Macoris fm from the second to the oldest lithostratigraphic
unit.

A revised tectonic evolutionary model follows.

During the late Eocene and early Miocene, shallow marine sediments were
deposited on a tropical platform. Joyce, 1991 in P. Mann, 1998 and others, have
mentioned that shallow water carbonate rocks of unknown age were uplifted and
incorporated into the Samana Terrane, located northeast of the actual geographic
position of San Francisco Ridge, as a possible ancient remnant appendix of the
Bahamas Bank Platform. The Macoris fm mapped in this study fits the age and
lithology of that missing sedimentary unit.
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During early mid Miocene, lagoon sediments of the Castillo group were deposited
between natural barriers as reefs or submarine highs, possible located north-northeast
from the Cordillera Central. Litho-stratigraphic units corresponding to this segment of
evolution in the basin are well exposed along Maney and Cuaba Rivers as calcareous
mudstones, and sandy mudstones (locally turbidites) interbedded with limestone layers.

During the late mid Miocene, a smooth transition occurred between calciclastic
and siliciclastic sediments corresponding to the Castillo and Arroyon formations,
respectively.

An intense deformation during the collision of the North American and Caribbean
plates occurred after mid Miocene age. In this stage, the incipient ridge began to uplift
as a “push-up” structure characterized by oblique thrust faulting and deformation from a
northeast compression, possible exerted by the subduction complex.

Intense erosion of the calcareous unit occurred after late mid Miocene and
Pliocene age, which caused a significant erosion of the calcareous mudstones and
siliciclastic units. The pronounced unconformity between the Joboban and Macoris
formations, along with the complete absence of the Castillo and Arroyon formations in
the higher elevations indicate a lengthy period of deformation, uplift, and erosion of the
entire SFR before the Joboban fm was deposited. The Joboban fm itself was then
folded into its present orientation.
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The following stage is characterized by the intense tectonic activity involving
uplifting of the subduction complex. This occurred during late Pliocene-early
Pleistocene age, in which the contact between the North American and Caribbean
plates became a transpressional boundary, developing strike-slip faulting as the
Septentrional Fault System. At the same time, polymictic conglomerates (Joboban fm)
were deposited as alluvial fans and channel bars, over an erosive surface extended
over the pre-existing sedimentary units. In the study area, Joboban Fm is located on
top of the ridge, unconformably overlying the Macoris fm. Also, the conglomerates of
the Joboban formation conformably overlies the older Arroyon formation, and
unconformably overlies the Castillo formation (Nadai, 1987 and Winslow, et al 1991).

The final tectonic stage consists of Quaternary deformation of conglomerates
where beds appear tilted and slightly folded, indicating continuous tectonic activity over
the transpressional boundary. Also, the possible presence of the pull apart represented
by the Nagua Valley, indicates an intense tectonic activity during the Early Quaternary,
by sinistral strike-slip faulting represented by the Septentrional Fault.
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